, and regulation of photoperiodic flowering (Niwa et al. 2007; Fujiwara et al. 2008). LATE ELONGATED HYPOCOTYL (LHY) is another core component of the circadian clock in Arabidopsis (Wang et al. 1997; Wang and Tobin 1998) and is involved in the regulation of photoperiodic flowering (Fujiwara et al. 2008; Imaizumi 2010; Li et al. 2011; Lu et al. 2012 ). In Capsella bursa-pastories, a close relative of Arabidopsis, CCA1 shows different expression patterns in two ecotypes with contrasting flowering phenotypes, suggesting its association with adaptive flowering behavior (Slotte et al. 2007) . In a collection of B. rapa accessions, most clock quantitative trait loci (QTLs) overlap with flowering time QTLs (Lou et al. 2011) . Taken together, these observations suggest that CCA1 may be involved in the regulation of flowering time in B. rapa.
pekinensis and chinensis) causes a reduction in productivity and market value. Therefore much effort has been made in breeding programs to develop late flowering (LF) Chinese cabbage varieties.
The circadian clock regulates flowering time in concert with the photoperiodic flowering pathway (Jung and Müller 2009; Imaizumi 2010; Song et al. 2013 and 2015) . As a core component of the clock, CIRCADIAN CLOCK ASSOCIATED 1 (CCA1), a MYB-related transcription factor, plays an important role in the phytochrome-dependent induction of photosynthetic genes (Wang et al 1197, Green and Tobin 2002) , regulation of the circadian clock (Green and Tobin 2002; McClung 2014) , regulation of stress response (Dong et al. 2011; Lai et al. 2012; Seo et al. 2012) , and regulation of photoperiodic flowering (Niwa et al. 2007; Fujiwara et al. 2008) . LATE ELONGATED HYPOCOTYL (LHY) is another core D r a f t 4 health. Within the Brassica genus, six crop species found in the "Triangle of U" are cultivated globally: three basic diploid species, B. rapa (A genome, n = 10), B. oleracea (C genome, n = 9), and B. nigra (B genome, n = 8) , which between them gave rise to three amphidiploid species, B. napus (AC genome, n = 19), B. juncea (AB genome, n = 18), and B. carinata (BC genome, n = 17) (U 1935) . Of these six Brassica species, cultivars of B. rapa are grown for leafy vegetables, vegetable oils, turnip roots, turnip greens, turnip tops, and fodder turnip. A number of major cultivar groups were distinguished in the past as subspecies based on their morphological appearance and the plant parts consumed as B. rapa ssp. pekinensis (heading type), chinensis (non-heading type), parachinensis, broccoletto, narinosa, nipposinica, tricolaris, oleifera, and rapa (Zhao et al. 2005) . Kenshin and Chiifu are two lines of B. rapa ssp. pekinensis with distinct requirements for floral induction, requiring relatively short and long vernalization treatments, respectively. Rapid cycling B. rapa (RCBr), also known as Fast Plant, is a widely used model organism in biology education (Williams and Hill 1986; Musgrave 2000) . RCBr was developed by selection of B. rapa for several traits, such as short time to flowering (16 days for flowering), rapid seed maturation, lack of seed dormancy, petite growth habit, and high female fertility (Williams and Hill 1986) .
Several flowering-related markers have been identified from B. rapa, including a Random Amplified Polymorphic DNA (RAPD) marker associated with late-bolting in non-heading type Chinese cabbage (Ajisaka et al. 2001) . Li et al. (2009) 
Materials and methods

Plant materials
To analyze nucleotide polymorphisms in CCA1 associated with variation in flowering, two inbred (indicated by WS in line names). B. rapa germplasm for flowering evaluation and marker analysis and additional Brassica species used in CCA1 gene sequence analyses were selected from germplasm collection (Pang et al. 2015) . For expression study of BrCCA1, reference plants were grown under long day (LD, 16h light and 8h dark) and short day (SD, 8h light and 16h dark) conditions until 21 day after germination , and sampled at indicated times.
Cloning and sequence analysis of CCA1 genes
Genomic DNA was isolated from young leaves using the DNeasy Plant Mini kit (QIAGEN Gmbh, Hilden, Germany). Information on the genomic DNA sequence of Arabidopsis thaliana CCA1 (AT2G46830) was used as a reference for cloning BrCCA1 genomic fragments from three reference lines and seven inbred lines (Fig. 1A) . We compared the A. thaliana sequences with known Brassica CCA1 sequences in the NCBI database (http://ncbi.nlm.nlh.gov, as of August 2015) and designed four pairs of primers ( Fig. 1A and Table 1 ). As shown in Fig. 1A , the universal primers (uCCA1F and uCCA1R) (Table 1) were designed D r a f t 6 to amplify sequences between the start and stop codons from all Brassica species, using sequence information provided by the PCR products obtained with the four primer sets described above.
Genomic PCR was performed under the following conditions: denaturation (5 min at 94 °C), 30 cycles of amplification (30 s at 94 °C, 30 s at 52 °C, and 3 min at 72 °C), and a final extension (7 min at 72 °C). PCR products were purified using a MEGA-Spin gel extraction kit (Intron Biotech. Inc., Sunganam, Korea) and cloned into the TA-vector using the T&A cloning kit (RBC Bioscience Corp., New Taipei city, Taiwan). Escherichia coli (DH5α) cells were transformed with plasmid DNA carrying the desired insert.
Plasmid DNA was purified using DNA-Spin (Intron Biotech. Inc., Sunganam, Korea) before sequencing.
Since Brassica might contain multiple CCA1 alleles, ten clones from each line were sequenced and analyzed. Any possible PCR and/or sequencing errors were eliminated by aligning the ten independent sequences obtained. All sequences were aligned on the published Arabidopsis CCA1 sequence. Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/) was used for multiple sequence alignment and neighborjoining (NJ) method was used for the construction of phylogenetic trees.
RT-PCR analysis
Total RNA was isolated from samples using TRIzol reagent (Invitrogen, Carlsbad, USA), and further purified with a NucleoSpin RNA Clean-up Kit (Macherey-Nagel GmbH & Co., Düren, Germany). The purified RNA (1 µg) from each sample was synthesized using the ReverTraAce-α kit with the Oligo(dT) primers (Toyobo, Osaka, Japan products produced by InDel markers were separated using 1.5% agarose gels for genotyping.
Flowering time evaluation and InDel marker analysis
To investigate the possible association between variations in Brassica CCA1 sequences and flowering time, a total of 55 B. rapa accessions, including Chinese cabbage, pack choi, brown sarson type and caixin type, were used (Supplementary Table 1 InDel markers were applied to amplify the CCA1 genomic DNA fragments in various B. rapa accessions.
Two different types of PCR amplicons were detected by high resolution melting (HRM) method in a light
Scanner System (Biofire Diagnostics, Salt Lake city, USA), as previously described by Li et al. (2013) . The association between marker genotype and flowering time phenotype was tested by one way analysis of variance (ANOVA) using SPSS statistic package.
Results
Cloning and sequence analysis of CCA1 genes from B. rapa Data not shown).
To investigate possible sequence variation in the CCA1 gene of B. rapa, which could be used to develop flowering-time markers, we used genomic DNA isolated from three representative B. rapa lines (Chiifu, Kenshin, and RCBr) and PCR primers designed based on the Arabidopsis CCA1 sequence (Table 1 and Fig. 1 To determine whether the polymorphisms in BrCCA1, particularly those around the fourth intron, could be used to predict flowering phenotypes, we compared the sequence similarities of CCA1 from Arabidopsis, Chiifu, Kenshin, RCBr, and additional B. rapa inbred lines (heading type Chinese cabbages), kindly provided by Korean seed companies, which displayed contrasting flowering phenotypes. As shown in Figure 2 , the sequence similarities could be used to predict flowering behavior in Brassica. CCA1
genomic DNA sequences obtained for current study were deposited in NCBI database . When a phylogenetic tree was constructed using genomic sequences from the second to fifth exons of CCA1, clear groupings reflecting the distinct flowering phenotypes were detected in the B. rapa lines (Fig. 2) . The same pattern was observed when the analysis was repeated using the full length CCA1 sequences between the start and stop codons (data not shown). Of the BrCCA1 sequences, those from the fourth intron were found to be the most polymorphic, as they contained many InDels.
Development of flowering time markers
To develop InDel markers to quickly distinguish polymorphisms associated with the flowering time phenotypes of different B. rapa plants, we designed three primer sets against insertion/deletion sequences D r a f t in and around the fourth intron of CCA1 (Table 1 , Fig. 1B , Supplementary Figs. 1 and 2 ). CCA1-F, which binds to the fourth exon of CCA1, was a common forward primer and CCA1-R1 was a reverse primer targeted on the fifth exon. Depending on the source of the genomic DNA templates, PCR reactions using CCA1-F and CCA1-R1 produced DNA fragments of different sizes. A fragment of about 300 bp was amplified from the LF line, Chiifu, whereas fragments of approximately 450 bp were produced from the EF lines, Kenshin and RCBr (Fig. 3A) .
Two other reverse primers, CCA1-R2 and CCA1-R3, were designed to bind to regions of the fourth intron containing the InDel and to be used with CCA1-F to produce PCR products only in the EF reference B. rapa plants (Table 1 , Fig. 1B , Supplementary Figs. 1 and 2 ). The performance of these primers was tested using various B. rapa inbred lines ( Fig. 3B and 3C ). When a combination of the CCA1-F and CCA1-R2 primers was used, a clear amplification product for CCA1 was detected in EF inbred lines, but weak amplification was also observed in several LF lines. We concluded, therefore, that this primer set was not useful for predicting flowering time phenotype in B. rapa. By contrast, the combination of CCA1-F and CCA1-R3 primers resulted in a clear difference between PCR products that reflected flowering type. CCA1
PCR products were amplified only from the EF inbred lines, indicating that this primer set was a reliable predictor of flowering time behavior in B. rapa. It is worth noting that PCR with the CCA1-F and CCA1-R1 primers was necessary to determine whether plants contained the Chiifu-type CCA1 gene associated with LF.
Whether InDel in the fourth intron of CCA1 affects expression of the gene, three reference lines grown in LD and SD condition were subjected to RT-PCR experiment (Fig. 3D) . The expression pattern under SD condition was same in all three lines, while transcript was detected in the middle of long day period in both RCBr and Kenshin. Although CCA1 expression pattern could not be directly related to flowering phenotypes, InDel might be associated with flowering phenotype with unknown mechanism. We screened BrCCA1 InDel marker over the 55 B. rapa fixed lines by using HRM technology.
Among three primer sets, only CCA1-F/R1 performed well and can be detected by HRM method. The grey and red curves represented the deletion allele and insertion allele, respectively ( (Table 2) .
Polymorphisms of CCA1 in Brassica species
Sequence variation in CCA1, similar to that identified during the marker development for B. rapa, is also present in other economically important Brassica species, such as B. napus and B. oleracea. CCA1 genes appear to have been preferentially retained in B. rapa during the diploidization process (Lou et al. 2012) , which followed separation from the common ancestor with Arabidopsis and whole genome triplication. Therefore, we also cloned and analyzed CCA1 gene sequences from other Brassica plants and BBCC-3 genomes of B. carinata were found to be identical and generated by a 96 bp deletion from BBCC-1 (Fig. 5) . The size of CCA1 was largely determined by the size of the fourth intron, although the seventh exon made a minor contribution to size. When all the CCA1 in Figure 5 were clustered according to their genomic sequence similarities, three clades were noticed (Fig. 6A) . All B. rapa CCA1 sequences were found in two different clades, which were closely associated with each other but separated from a third clade containing Arabidopsis CCA1. Two clades, consisting of Brassica CCA1, appeared to be determined mainly by fourth intron sequences, since a distinct but similar grouping pattern was observed when only sequences from the fourth intron of CCA1 were considered (Fig. 6B) . AABB-2, AABB-3, and AACC-3, which all contain a Chiifu-type fourth intron, were grouped together. If CCA1 variants with a Chiifu-type D r a f t 13 fourth intron also determine the LF phenotypes of allotetraploid species, the markers developed here could also be utilized in breeding programs for many other Brassica species.
Discussion
Flowering time markers that distinguished between EF and LF phenotypes of B. rapa were developed based on sequence polymorphisms in the B. rapa CCA1 gene. CCA1 is a well-known core component of the circadian clock, which controls plant metabolism and life cycle. CCA1 regulates photoperiodic flowering through transcriptional regulation of flowering pathway genes (Niwa et al. 2007; Fujiwara et al. 2008 ). CCA1 expression is responsive to environmental stresses and regulated by alternative splicing (Seo et al. 2012; Filichkin et al. 2015) . The involvement of CCA1 in the flowering time of plants has been suggested by several research groups including Slotte et al. (2007) (Imaizumi 2010; Li et al. 2011; Lou et al. 2011; Lu et al. 2012) . Recent reports that CCA1 binds to thousands of genes (Nagel et al. 2015; Kamioka et al. 2016 ) imply CCA1 plays an important role in regulation of a myriad of biological processes and stress responses.
Flowering time is one of the most important traits of commercial varieties of B. rapa and, therefore, molecular markers predicting flowering time phenotypes are invaluable in breeding programs. A few flowering time-related markers have been developed previously for B. rapa, including a CAPS marker using SNPs found at the splice site of BrFLC1 (Yuan et al. 2009 ) and InDel markers from BrFLC2 . However, no flowering time marker using polymorphisms in B. rapa CCA1 has so far been developed. Although DNA sequence polymorphisms in CCA1 genes were found in all the introns and exons investigated, the most dramatic differences were detected in the fourth intron. Most importantly, this variation was perfectly associated with flowering time behavior (EF or LF) of the various B. rapa lines used in this study (Figs 2-4) . The best PCR-based marker was CCA1-F/CCA1-R3 combination (Fig. 3) , while CCA1-F/CCA1-R1 combination for HRM confirmation (Fig. 4) . Using CCA1-F/CCA1-R1 for PCR, we could discriminate homozygote and heterozygote with respect to InDel expressing flowering phenotypes (data not shown). Insertion in fourth intron seemed to be dominant against deletion allele associated with LF phenotype. Taken together, the PCR-based markers and HRM amplicon we have D r a f t 14 developed based on this variation will be useful to the B. rapa breeding program.
Regarding to Brassica species in U's triangle, the deletion in the fourth intron seemed to be originated from LF type AA genome. We are not sure whether deleted 4 th intron reflects LF phenotype in AABB and AACC. Interestingly, BBCC genome contained intermediate type 4 th intron. Recently, Schiessl et al. (2015) reported that an SNP found in B. napus CCA1 (BnCCA1) is associated with flowering time. This indicates that the considerable variation found in the fourth intron sequences of CCA1 across Brassica species provides valuable information on the evolution and breeding history of these crop plants. In addition to the 4 th intron polymorphism, large number of InDel and SNPs were found in exons as well as introns of CCA1
in Brassica CC genomes, which contain similar size of genome. These also imply that sequence polymorphisms found in Brassica CCA1 gene could be associated with various traits, thereby they can be used in various molecular markers.
The possible functions of the sequence variation observed in the fourth intron of Brassica CCA1
remain to be determined. Palmer and Logsdon (1991) have speculated that the insertion of introns into genes occurred late in eukaryote evolution in order to regulate expression. Intron-mediated enhancement of gene expression (Gallegos and Rose 2015) and alternative splicing of transcripts in response to abiotic conditions (Seo et al. 2012; Cui et al. 2014; Lunghi et al. 2015) have been documented, and intron retention is frequently associated with abiotic stress conditions in barley (Panahi et al. 2015) and tumorsuppressor inactivation in animals (Jung et al. 2015) . Gene regulation by intronic miRNA, generated by the insertion of transposons, is reported from a variety of animals (Ying et al. 2010 and . In a similar manner, the dramatic variations found in and around the fourth intron of Brassica CCA1 may affect agronomically important traits, such as flowering time, by regulating the expression of CCA1. However, our expression study of BrCCA1 (Fig. 3D) did not support the regulation of mRNA expression by intron variation under the normal growth condition. However, we could not rule out possibility of differential expression of BrCCA1 under particular conditions. Given that a functional role in cold acclimation for alternatively spliced transcripts of CCA1, which retain the fourth intron, has been established in Arabidopsis (Seo et al. 2012) , it should be determined whether alternative splicing of CCA1 also occurs in 
